We report psychophysical measurements of spatial pooling functions for contrast gain control. We use a nulling technique to measure the dependence of contrast induction on the spatial frequency of a sinusoidal contrast modulation. This dependence on spatial frequency, when transformed, provides the profile of a spatial pooling function. The measured profiles are fitted well by Gaussians. We confirm earlier results that the area over which spatial pooling takes places depends on the scale of the modulated pattern. We also find that pooling functions are similar for achromatic and isoluminant stimuli.
INTRODUCTION
Models of contrast gain control measure the local contrast in the response of a bank of linear spatial filters by integrating the rectified or squared responses of the filters across an appropriate spatial pooling area. [1] [2] [3] [4] [5] This spatially pooled measure of contrast is then used to set local contrast gain.
Cannon and Fullenkamp 6 used a central disk and an annular surround to provide the first estimates of spatial pooling areas. They varied the area of the surround, which comprised a spatially sinusoidal modulation at 2, 4, or 8 cycles per degree (c/deg) of visual angle. A contrastmatching technique was used to measure the apparent contrast of the central disk, formed of a sinusoid with a frequency identical to that of the surround. They found that the apparent contrast functions at these spatial frequencies overlay one another when plotted as a function of surround width in cycles. Cannon and Fullenkamp's result is that the linear extent of spatial pooling is proportional to the wavelength of the sinusoidal stimulus.
We also estimated spatial pooling areas. 4 Following Chubb et al., 7 we modulated in time the contrast of an annular surround and used a nulling technique to measure the apparent modulation of contrast in a central disk. We tried two methods to estimate spatial pooling areas and found similar results, using both achromatic and isoluminant stimuli, the latter along the long-and middle wavelength-sensitive-(L&M-) cone and along the shortwavelength-sensitive-(S-) cone axes. [8] [9] [10] [11] With the first method we varied the size of the annular area in which contrast is modulated. Results showed that increasing the area of the annulus produces an increase in the apparent modulation of disk contrast that levels off exponentially for annulus outer radii between 2 and 3 deg of visual angle. With the second method, we varied the distance from the central disk of a ring in which contrast was modulated. The area of the ring was held constant. Results showed that increasing the ring distance produces a decrease in the apparent modulation of disk contrast that levels off exponentially for ring inner radii between 2 and 3 deg of visual angle. We used binary spatial noise for disk and annulus in these experiments; the peak in its spatial-frequency spectrum was at ϳ1.8 c/deg. The effective widths of 4-6 deg of visual angle that we found agree roughly with those found by Cannon and Fullenkamp when they used sinusoids at 2 c/deg.
Although these two sets of data help to specify spatial pooling functions for contrast gain control, they give little indication of how contrast is pooled within the central area subtended by the disk. How can one measure complete pooling functions-ones without a central hole?
In this paper we introduce a new way to measure the spatial pooling area for contrast gain control. We modulate the contrast modulation of an annular region by using a spatial sinusoid and vary the spatial frequency of the sinusoidal contrast modulation to determine the dependence of apparent contrast induction on spatial frequency. Transforming spatial-frequency sensitivity into the space domain provides the profile of a complete pooling function. This work was described elsewhere in preliminary form. 12 
METHODS
Observers viewed a disk and an annulus made of binary spatial noise (see Fig. 1 ). The stimulus was centered on a gray background. Stimulus contrast was modulated sinusoidally in time at 1 Hz. Stimulus contrast was also modulated by a spatial sinusoid, so that the total contrast modulation was a spatially sinusoidal counterphase flicker. Observers used a nulling technique to measure the strength of contrast induction within the disk area.
The detailed methods are similar to those described in previous papers. 4, 5 Disk and annulus were displayed on a Sony Trinitron GDM-1961 color monitor that was viewed at a distance of one m. Software on a DECstation 3000/400 computer controlled a Turbo PXGϩ graphics board, which generated a 1280 ϫ 1024 pixel display at 66 Hz noninterlaced. We measured the spectra, chromaticities, and luminances of the monitor's three phosphors, using a Photo Research PR-650 SpectraColorimeter, and appropriate entries in the color lookup tables were used to correct for the nonlinearity between applied voltage and phosphor intensity. The screen displayed a steady, gray background of luminance 52 cd/m 2 and CIE 1931 standard observer (x, y) chromaticity (0.28, 0.30).
The diameter of the stimulus was 16 deg of visual angle (see Fig. 1 ). The disk diameter was 1 deg of visual angle, which corresponded to 64 pixels. Disk and annulus comprised binary noise of variable grain size. We computed the noise carrier by first creating a spatially isotropic difference-of-Gaussians amplitude spectrum. The second step was to use a random-phase spectrum to construct, through an inverse Fourier transform, noise in the space domain. Finally, the noise was binarized to make spatially isotropic binary noise that, for the largest grain size, had a peak in its spatial-frequency power spectrum at ϳ1.45 c/deg. Noise carriers at two smaller sizes were generated by dividing the spatial standard deviations in the difference-of-Gaussians amplitude spectrum by either 2 or 4. The peak spatial frequencies were thus approximately 1.45, 2.9, and 5.8 c/deg for coarse-, medium-, and fine-grain carriers, respectively.
We modulated stimulus chromatic properties by using color animation. Chromatic properties are described in a color space based on Krauskopf's cardinal axes. [9] [10] [11] As described in a previous paper, 5 these axes include the achromatic axis, the L&M-cone axis, and the S-cone axis; the last two were determined by calculation with the Smith-Pokorny 8 fundamentals. The contrast of the disk and annulus was modulated by a static, spatial sinusoid of variable spatial frequency. This space-modulated contrast was then modulated sinusoidally in time at 1 Hz, so producing a counterphaseflickering grating of contrast modulation. The annulus stimulus is described by a space-and time-varying color vector A(x, t). This three-dimensional vector in color space is a linear combination of the vector w that represents the gray background and the annulus mean contrast vector a m , which is modulated in space and time:
in which b A (x) describes the dependence of the annulus binary noise pattern on position x ϭ (x, y) and takes values Ϯ1 within the annulus area and 0 elsewhere, ␣ represents the amplitude of the contrast modulation, and f is the spatial frequency in cycles per degree of the spatial modulation of contrast. The vertical displacement y has units of degrees of visual angle; the center of the stimulus is taken as the origin for the determination of spatial phase. The central disk is described as a similar combination of the neutral background w and the disk mean contrast d m :
in which b D (x) describes the spatial dependence of the disk binary noise carrier pattern and ␦ is the amplitude of the disk contrast modulation. We used the method of limits to help determine nulling contrast modulations, as detailed in an earlier paper. 4 The observers' task was to find the amplitude of nulling modulation that was required to eliminate the apparent change in disk appearance caused by modulating the contrast of the annulus. The physical nulling modulation so found is a measure of the strength of the induced modulation of apparent contrast. Each experimental run had two ascending and two descending sequences, each with 11 trials, presented in alternation. For each run, the average of the four upper and the four lower thresholds provides the estimate of the nulling contrast modulation that is reported below.
The authors, BS and MD, participated as observers in the experiments. Each has normal color vision as tested with Ishihara plates 13 and was properly refracted.
RESULTS
We measured the dependence of spatial pooling areas on the scale of the stimulus carrier pattern and on the color properties of the stimulus.
A. Dependence on Carrier Scale
We set the mean contrast of the disk and the annulus to 0.25; the maximum modulation of annulus contrast was fixed at the same value. Annulus contrast thus varied between 0.0 and 0.50. We chose these modest contrast levels to avoid saturating nonlinearities in the response of the contrast gain control to contrast modulation. 4, 5 The resulting contrast induction was measured across a range of spatial frequencies for coarse-, medium-, and fine-scale carriers.
The dependence of nulling contrast modulation on the spatial frequency of the inducing modulation and on the scale of the carrier pattern is shown in Fig. 2 . Results in the left, middle, and right columns were found for coarse-, medium-, and fine-grain carriers, respectively. Results in the top and bottom rows were obtained by observers BS and MD, respectively. The spatial frequency of the contrast modulation varies along the horizontal axis of each panel; the nulling modulation amplitude is marked along the vertical axis.
The heavy curves in Fig. 2 show the best-fit 14 Gaussians to the data points; these have the form
We also fitted exponentials, which captured the data nearly as well (light curves, Fig. 2 ). The exponentials have the form
The parameters (a, ) of the Gaussian fits and (b, ␤) of the exponential fits to the data in the six panels of Fig. 2 are listed in Table 1 ; also listed are the percentages of variance accounted for by each of the fits. In Fig. 3 we plot the standard deviations of the spacedomain Gaussians that best fit the data. The spacedomain Gaussians are found through an inverse Fourier transform of the spatial-frequency-domain Gaussians; their standard deviations are related reciprocally. 15 The standard deviations are plotted as a function of the peak spatial wavelength of the noise carrier pattern.
The standard deviations increase monotonically with carrier wavelength. Both observers' data are fitted well by lines. For BS, the best-fit line relating standard deviation y and carrier peak wavelength x has equation y ϭ 3.62x ϩ 1.8, and for MD the best-fit line has equation y ϭ 4.54x ϩ 1.75. We can thus estimate crudely the linear extent of spatial pooling, taken as Ϯ1, namely, two standard deviations, to be approximately eight times carrier wavelength, plus 1.8 deg of visual angle. The linear increase in the extent of contrast pooling with carrier peak wavelength agrees with the earlier result of Cannon and Fullenkamp. 6 The two sets of results differ in that the linear increase found here is not a proportional increase as they suggested; the intercepts of the best-fit lines to the data in Fig. 2 differ from zero. 
B. Stimulus Color Properties
The dependence of nulling contrast modulation on the chromatic properties of the stimulus is shown in Fig. 4 for observers BS (top row) and MD (bottom row). In these experiments, we chose stimulus lights to lie along the L&M-cone axis (middle column) or the S cone axis (right column). The mean contrast was set to 0.25 of the maximum displayable contrast along each axis. The maximum displayable contrast to the L cones along the L&M-cone axis is 0.082, and the maximum displayable contrast to the S cones along the S-cone axis is 0.89. The maximum modulation of annulus contrast was fixed at 0.25 of the maximum displayable contrast, so that annulus contrast varied between 0.0 and 0.5 of the maximum displayable contrast, or between 0.0 and 0.041 to L cones along the L&M-cone axis and between 0.0 and 0.445 to S cones along the S-cone axis. We used medium-grain stimuli in these experiments. We compare the results with the colored stimuli to those found earlier with medium-scale achromatic stimuli; the data in the Achromatic panels of Fig. 4 (left column) are identical to those in the corresponding panels in Fig. 2 (BS, Medium and MD, Medium). Results for the isoluminant stimuli are plotted in terms of contrast to L cones for stimuli along the L&M-cone axis and in terms of contrast to S cones for S-cone-axis stimuli.
The results found with the isoluminant stimuli are fitted well by Gaussians, which are shown as heavy curves in Fig. 4 . The exponential fits, shown as light curves, are nearly as good. The parameters of the Gaussian and the exponential fits are listed in Table 2 , as are the percentages of variance accounted for by the fits. Figure 5 shows the standard deviations of the best-fit Gaussians in the space domain for observers BS (filled bars) and MD (open bars). While there is a tendency for the standard deviations to be slightly larger for the S-cone stimuli than for the achromatic stimuli, we have no reason at the moment to believe that these differences are significant. Rather, the results suggest clearly that there is no difference in spatial pooling for achromatic and isoluminant stimuli. Fig. 3 . Standard deviations of the space-domain Gaussians that describe contrast pooling at three carrier scales for two observers. The best-fit Gaussians in Fig. 2 are transformed into the space domain to provide the Gaussians whose standard deviations are shown here at carrier peak spatial frequencies of 1.45, 2.9, and 5.8 c/deg, which correspond to wavelengths of 0.69, 0.34, and 0.17 deg of visual angle, respectively. Fig. 4 . Dependence of nulling contrast modulation on contrast modulation spatial frequency for medium-grain stimuli presented along the achromatic axis (left column), the L&M-cone axis (middle column), and the S-cone axis (right column) for observers BS (top row) and MD (bottom row). The results for achromatic stimuli duplicate the corresponding ones in Fig. 2 , middle column. The units of the vertical scale for the plots in the middle column are in terms of L-cone contrast. The units of the vertical scale for the plots in the right column are in terms of contrast to S-cones. The heavy curves show the best-fit Gaussian functions, and the light curves show the best-fit exponential functions.
DISCUSSION
The results show that spatial-frequency sensitivities for the spatial pooling of contrast are low-pass functions that are fitted well by Gaussians. The sensitivities are fitted well also by exponential functions and, presumably, by a number of other functions. We prefer the Gaussian model for its simplicity and wide applicability in the modeling of visual processing. 16 With the Gaussian model we estimate the linear extent of spatial pooling, taken as Ϯ1 standard deviation, to be roughly eight times carrier wavelength plus 1.8 deg of visual angle. This rule provides estimates that are a bit larger than the earlier ones. 4, 6 For instance, our earlier estimate of a linear extent of 4-6 deg for a carrier peak
present rule. However, there is every reason to believe that the present estimates are more accurate. One problem that hinders a direct comparison of these results with those of Cannon and Fullenkamp 6 is the compound spectrum of the binary noise. Although the binary noise has a narrow peak in its energy spectrum at its peak frequency, it possesses energy at all other frequencies, too, so that no one spatial frequency is perfectly isolated, as would be more nearly the case with a sinusoidal carrier.
The present results suggest that differences in spatial pooling of contrast for stimuli along achromatic, L&M-cone, and S-cone axes are small. This agrees with the results of our earlier work. 4 We recall here the argument against differences in spatial pooling, namely that differences could cause contrast modulations in one location to cause space-varying change in the chromatic contrast properties of neighboring areas. For instance, a small space constant for isoluminant contrast and a large one for achromatic contrast could lead a contrast increase with components along both achromatic and isoluminant axes to cause a significant reduction in apparent achromatic contrast, but not isoluminant contrast, at a far enough distance from the modulation. The results of the earlier work 4 and of the present experiments suggest that this source of differential induction is negligible.
A fundamental limitation of the present results is the unexamined assumption of linearity. The inverse Fourier transform of the frequency-domain results into the space domain is informative only if the spatial pooling of contrast is linear. Although we used stimuli of small and moderate contrast in an attempt to avoid saturating and other nonlinearities, we did not test whether the spatial pooling of contrast was linear. One can examine this question experimentally by making separate measurements of contrast induction for spatial modulations at two different spatial frequencies and then seeing whether the sum of the two spatial modulations produces the sum of the inductions, for many pairs of spatial frequencies. Zaidi and his colleagues 17, 18 have conducted experiments that begin to get at this important question.
Several other interesting experiments that extend the present results remain to be done. First, one naturally would like to know whether spatial pooling areas are spatially isotropic. For instance, it may be that contrast pooling areas for oriented carrier patterns are elongated along the major axis of the carrier. We can assess this property by using an oriented carrier of fixed orientation (e.g., horizontal) and measuring spatial-frequency sensitivities at two or more contrast modulation orientations (e.g., horizontal and vertical). Second, the spatial pooling functions presented here depend on our choice of 1°f or central disk diameter. Preliminary measurements reported by us 12 on the dependence of contrast induction on central disk diameter suggest clearly that induction increases as disk size decreases. A more systematic study of this dependence is needed. Third, the applicability of the present approach would be greater if sinusoidal carriers rather than binary noise carriers are used. We used binary noise because of display limitations. One particular problem with the noise carrier is the presence of lumi- nance artifacts associated with the display of the nominally isoluminant stimuli along the L&M-cone and the S-cone axes. We discussed this issue thoroughly in two earlier papers. 4, 5 Such artifacts can be minimized by the use of horizontally oriented sinusoidal carriers of modest spatial frequency.
We described a bilinear model for chromatic selectivity in contrast gain control in earlier work. 5 The basic assumption that underlies the model is that the change in color contrast at a point, as a result of the action of contrast gain control, is related linearly both to the color signal at that point and to the color contrast in the surrounding area. To test the model, we performed psychophysical experiments that examined the effects of modulating the contrast of an annulus on the apparent contrast of a central disk. The results of the experiments let us specify the chromatic components of the model numerically so that precise predictions concerning chromatic selectivity in contrast gain control could be made. Using the knowledge of the spatial pooling of contrast provided by the present experiments, we can extend the model to predict the effects of contrast gain control on the visual processing of color images. 19 
